Birds have adjusted their life-history and physiological traits to the characteristics of the 23 seasonally changing environments they inhabit. Annual cycles in physiology can result from 24 phenotypic flexibility or from variation in its genetic basis. A key physiological trait that shows 25 seasonal variation is basal metabolic rate (BMR). We studied genetic and phenotypic variation in 26 the annual cycles of body mass, BMR and mass-specific BMR in three stonechat subspecies 27 (Saxicola torquata) originating from environments that differ in seasonality, and in two hybrid 28 lines. Birds were kept in a common garden set-up, under annually variable day length and at 29 constant temperature. We also studied whether stonechats use the proximate environmental 30 factor temperature as a cue for changes in metabolic rate, by keeping birds at two different 31 temperature regimes. We found that the different subspecies kept in a common environment had 32 different annual cycles of body mass, BMR (variance: Kazakh 4.12, European 1.31, Kenyans 33 1.25) and mass-specific BMR (variance: Kazakh 0.042, European 0.003, Kenyans 0.013). 34
Introduction 44
Seasonal changes in the environment influence metabolic rate of birds (McKechnie, 2008; 45 Swanson, 2010) and have repercussions for their behavior, physiology and ecology. Seasonal 46 variation in metabolic rate has been widely studied (for review see McKechnie 2008) , often 47 between two seasons (e.g. Ambrose and Bradshaw, 1988; Cooper and Swanson, 1994; Kvist and 48 Lindström, 2001; Wikelski et al., 2003) , but sometimes in more detail year-round (Piersma et al., 49 1995; Klaassen, 1995; Zheng et al., 2008; Vézina et al., 2011) . The variety of patterns emerging 50 from these studies indicates that annual cycles in metabolic rate differ among environments 51 and/or with life history strategies. For example, resident birds in temperate zones generally have 52 a higher metabolic rate in winter than in summer (Cooper and Swanson, 1994; Cooper, 2000; 53 Dawson, 2003) . Temperate or arctic breeding migrants, on the other hand, generally have a lower 54 metabolic rate in winter than in summer (Kersten et al., 1998; Kvist and Lindström, 2001; 55 Wikelski et al., 2003) . Patterns of resident subtropical, tropical and desert birds are inconsistent, 56
showing no annual variation (Bush et al., 2008; Maldonado et al., 2008; Doucette and Geiser, 57 2008) , an increase (Chamane and Downs, 2009), or a decrease in metabolic rate in winter 58 compared with summer (Maddocks and Geiser, 2000; Smit and McKechnie, 2010) . Whether 59 variation in annual cycles in metabolic rate found in birds results from genetic differences or 60 phenotypic flexibility is largely unknown. 61
To compare seasonality of energy metabolism researchers use different measures of 62 metabolic rate, including basal metabolic rate (BMR), resting metabolic rate or field metabolic 63 rate. BMR is the most standardized measure, defined as the minimum energy expenditure of a 64 post-absorptive normothermic animal, measured during the rest phase, at thermoneutral 65 temperature (King, 1974) . Mass-specific BMR, calculated as BMR divided by body mass (in 66 kJ/day/ g), is commonly applied in studies evaluating tissue-level processes, such as 67 mitochondrial function, production of free radicals and other measures related to aging or 68 intrinsic mortality (e.g. Speakman, 2005; Tieleman, Versteegh, Helm, et al., 2009) . The 69 relationships between BMR and activity (Deerenberg et al., 1998; Nudds and Bryant, 2001) , food 70 availability and diet (McNab, 1988; Mueller and Diamond, 2001) , organ sizes and body 71 composition (Daan et al., 1990; Piersma et al., 1996; Tieleman et al., 2003) , and daily energy 72 expenditure (Daan et al., 1990; Nilsson, 2002; Tieleman et al., 2008) make it an interesting trait 73 for researchers studying seasonal variation. 74 raised at the Max Planck Institute for Ornithology, Andechs, Germany, or had been taken as 137 nestlings from the field, moved to the institute and hand-raised (n=32) (Gwinner et al., 1987) . In 138 addition to the three subspecies, we bred and studied hybrids between Kazakh and European 139 subspecies (n=17) and between European and Kenyan subspecies (n=21). All individuals were 140 fully grown, ranging in age from 0 (age > 158 days) to 12 years, but most individuals were 0 to 141 4 years old (n=128). To investigate if birds of age 0 had reached adult level metabolic rates, we 142 tested whether they differed significantly from older birds (age 1-12) in body mass, BMR, and 143 mass-specific BMR; they did not (F 1,237 < 2.59, P < 0.11). Therefore we concluded that birds had 144 reached adult level metabolic rates. 145
Birds were housed with 8-12 individuals per room and individuals were kept in separate 146 cages. They were randomly assigned to rooms with respect to subspecies. Standard conditions in 147 all rooms consisted of year-round constant temperatures of 20-22˚C and day length following 148 natural day length of the European population (cf. Helm et al., 2009 migrate. We defined winter as the quiescent period after the autumn migration period and before 161 spring migration. Stonechats were unpaired during the breeding season, but they do 162 physiologically prepare for breeding after nighttime activity (due to spring migration) stops, and 163 before moult starts (Gwinner, König, and Zeman, 1995; Helm et al., 2005) . Birds were checked 164 twice a week for moult. One hour before the start of experiments, we removed water and food 165 from cages to ensure birds were post-absorptive. We placed birds in 13.5 l metal metabolic 166 chambers with Plexiglas lids that closed airtight. We set the metabolic chambers inside a 167 climatic chamber with a constant temperature of 35°C±0.5°C, a temperature within the 168 thermoneutral zone of the stonechat subspecies (Tieleman, 2007) . 169
We measured body mass and BMR of Kazakh, European and Kenyan stonechats and the 170 two hybrid lines. Metabolic rate was measured by standard flow-through respirometry methods 171 (Gessaman, 1987) . Details about experimental set up, measurement protocol and data analysis 172 are described elsewhere (Tieleman, 2007; Versteegh et al., 2008; Tieleman, Versteegh, Fries, et 173 al., 2009) . To assure that birds were not active, we only used measurements obtained at least 174 three hours after birds were put in the metabolic chambers, and only when O 2 consumption had 175 been stable for at least ten minutes. Before and after the metabolic measurement we measured 176 body mass and we calculated mass-specific BMR by dividing BMR by the average of the two 177 body masses. We normally measured 6 to 17 individuals per life cycle stage per group kept at 178 standard conditions. Because of a combination with other studies (Versteegh et al., 2008; 179 Tieleman, Versteegh, Fries, et al., 2009 ) some sample sizes for winter are larger (Europeans n = 180 45, European-Kenyan hybrids n = 21). We measured 7 to 13 individuals per life cycle stage of 181
European stonechats kept at variable temperature. 182
183

Statistical analysis 184
We used R version 2.8.0 for statistical analyses (R development core team, 2010). Variables 185 were normally distributed (Kolmogorov-Smirnov D < 0.09, P > 0.10), and we used mixed effects 186 models for body mass, BMR and mass-specific BMR. We also analyzed BMR with body mass as 187 covariate, but we do not report the results because they did not differ from the analyses of mass-188 specific BMR. In all mixed effects models we used log-likelihood-ratio tests and Table 2A ; Fig. 1 ) as well as in variability (Table 1 ) 222 among subspecies and hybrid lines of stonechats kept in a common environment. Male 223 stonechats were significantly heavier and had a lower mass-specific BMR than females (Table  224   2A) . 225 226 Comparing subspecies in a common environment -The shape of annual cycles of body mass was 227 similar in Kazakh and Kenyan stonechats, but Europeans deviated, especially in the breeding 228 season (Fig. 1A , Table A1 ). Relative to the subspecies' average, Kazakh and Kenyan birds were 229 especially heavy in the two migration periods, and lighter during breeding, moult and winter. 230
European stonechats were also heavier in the migration periods, and lighter during moult and 231
winter, but differences among these life cycle stages were less pronounced and not significant 232 (Table A1 ). However, in the breeding period, Europeans were relatively heavy, unlike Kazakh 233 and Kenyan stonechats. Despite the impression of a smaller seasonal variation in the European 234 birds, the variability did not significantly differ among subspecies (Table 1) . 235
Annual cycles of BMR differed in shape among subspecies (Fig. 1B , Table A1 ). Kazakh 236 stonechats had relatively high BMR during breeding and low BMR during the autumn migration 237 period. In contrast, in European stonechats BMR was not elevated during breeding, and 238 relatively low during both moult and the autumn migration period. Contrary to both Kazakh and 239
European birds, BMR of Kenyan stonechats was especially elevated during moult. Although the 240
Kazakh birds appeared to have the largest variation among life cycle stages, the variability did 241 not significantly differ among subspecies (Table 1 ) 242
The shape of annual cycles of mass-specific BMR differed among subspecies (Fig. 1C , 243 Table A1 ). Kazakh stonechats had low values during spring and especially the autumn migration 244 period, and high values in the breeding period. European stonechats showed little variation in 245 mass-specific BMR throughout the year. In Kenyan stonechats mass-specific BMR was elevated 246 during moult and reduced during the autumn migration period. The other life cycle stages did not 247 differ from each other. The variability was significantly different among subspecies: Kazakh had 248 higher variance than European stonechats (F 4,4 = 12.37, P = 0.02; Table 2 ). Body mass of Kazakh x European 254 stonechats showed an annual cycle similar in shape to that of Kazakhs, but lacked the high values 255 in the spring migration period and showed a larger dip during moult, more resembling European 256 birds (Fig. 1A) . There was no significant difference in body mass variability among Kazakh x 257
European hybrids and their parental subspecies (Table 1) . Body mass of European x Kenyan 258 hybrids were intermediate to both parent groups during breeding, the autumn migration period 259 and winter. The European x Kenyan hybrids showed an increase in body mass from moult to the 260 autumn migration period, similar in shape but smaller in magnitude compared with that of 261 Kenyan stonechats (Fig. 1A) . The variability was not intermediate and appeared even to be lower 262 in the European x Kenyan hybrids than in either of the parental subspecies (Table 1) . 263
The shape of the annual cycle in BMR of Kazakh x European hybrids was similar to that 264 of European stonechats, lacking the pronounced high and low values during breeding and the 265 autumn migration period, respectively, of the Kazakh birds (Table A1 ; Fig. 1B) . The variability 266 among life cycle stages of BMR was significantly lower in Kazakh x European hybrids than in 267
Kazakh stonechats (F 4,4 = 7.27, P = 0.04; Table 2 ). In European x Kenyan hybrids BMR 268 resembled European stonechats during the spring migration period, Kenyan stonechats during 269 breeding and the autumn migration period, and was intermediate between parent lines during 270 moult (Fig. 1B) . The variability was not significantly different between European x Kenyan 271 stonechats and their parental subspecies (Table 1) . 272
Mass-specific BMR of Kazakh x European hybrids was similar to that of Kazakh birds 273 during breeding, moult and the autumn migration period, but close to values of European 274 stonechats during the spring migration period and winter (Fig. 1C) . Mass-specific BMR of 275 Kazakh x European hybrids did not differ significantly in variability from either Kazakh or 276
European stonechats. The fact that the two parental subspecies did differ from each other implies 277 that annual variation of this hybrid line is intermediate to that of its parental subspecies (Table 1) . 278
In European x Kenyan hybrids mass-specific BMR was high during moult and low during the 279 autumn migration period, a similar shape as Kenyan stonechats (Fig. 1C) We found that the shape and variability of the annual cycles of body mass and mass-specific 286 BMR did not differ between European stonechats kept at different temperature treatments (Figs  287   2B, 2D, Table 2B, Table 3 ). After removing the non-significant interaction term treatment*life 288 cycle stage, we found that mass-specific BMR differed between treatment groups, whereas body 289 mass did not (Table 2B ). The effect of life cycle stage was significant for both body mass and 290 mass-specific BMR (Table 2B) . Taking the significant term life cycle stage into account, 291 stonechats kept at variable temperature had an 8% higher mass-specific BMR than birds kept at 292 constant temperature (Fig. 2D) . 293
For BMR, the annual cycles differed between treatment groups, as indicated by the 294 significant interaction treatment*life cycle stage (Table 2B ; Fig. 2C ). We first compared the 295 shape of the annual cycles using post-hoc Tukey tests comparing life cycle stages with each other 296 per treatment, and found that the difference occurred in the autumn migration period. During the 297 autumn migration period, stonechats kept at variable temperature had a BMR close to the 298 treatment group's average, while stonechats kept at constant temperature showed a relatively low 299 value (Table A1 ). The variances of BMR did not differ among treatment groups (Table 3) . 300
Because different temperature regimes can also result in overall differences in BMR between 301 groups in some or all life cycle stages, we also explored for each life cycle stage if treatment 302 groups differed from each other. During the spring migration period (χ2 = 3.87, d.f. = 1, P = 303 0.049) and the autumn migration period (χ2 = 12.49, d.f. = 1, P < 0.001) stonechats kept at 304 constant temperature had a significantly lower BMR than stonechats kept at variable 305 temperature. In the other life cycle stages the treatment groups did not differ from each other (χ2 306 < 2.21, d.f. = 1, P > 0.14). Keeping stonechats at two temperature regimes, one constant and one variable throughout the 314 year, did not affect the shape or variability of the annual cycles of body mass and mass-specific 315 BMR. However, mass-specific BMR was 8% higher throughout the year in the birds kept at 316 variable temperatures, and BMR was higher in birds kept at variable temperatures in two life 317 cycle stages. These findings show that variation in the shape and variability of annual cycles in 318 body mass and metabolic measures stem from genetic differences, and that phenotypic flexibility 319 contributes modest variation superimposed on the genetic program. 320
The genetic background of the differences in annual cycles among Kazakh, European and 321
Kenyan stonechats suggests evolutionary modification. Evolution of annual cycles in body mass 322 or metabolic rate could be a direct response to the changing environmental conditions that 323 different subspecies encounter throughout the year (e.g. food availability, pathogen and predation 324 risk, temperature), but could also be connected with variation in other life history characteristics 325 (Daan et al., 1990; Ricklefs and Wikelski, 2002) . One might expect more variation in the annual 326 cycle of birds that encounter larger environmental differences during the year or that vary their 327 work levels more during the year. Because it is challenging to provide the bird's perspective on 328 the environmental conditions encountered, especially by migrant birds, we first explored if life 329 history differences could explain the annual cycle differences among stonechats. with these ideas, long-distance migrant Kazakh stonechats indeed had the highest annual 341 variability in all measures. However, in contrast to predictions European and not Kenyan 342 stonechats showed the lowest variability in mass-specific BMR. We conclude that differences in 343 variability among subspecies are hard to generalize, but subspecies differ substantially in specific 344 life cycle stages, such as migration and moult. This may indicate that, in addition to specific life 345 cycle stage demands, local environmental factors like temperature and food availability also play 346 important roles in the evolution of the annual cycles of mass and metabolic rate. 347
During the autumn migration period all three stonechat subspecies increased body mass 348 and decreased BMR and mass-specific BMR. During the spring migration period body mass 349 generally increased, BMR increased in Kazakh and European stonechats, and mass-specific 350 BMR decreased in Kazakh stonechats. Increases in body mass just before and during migration 351 periods are commonly found in many captive and free-living bird species, and are related to fat 352 deposition (e.g. Gwinner, 1996; Schaub and Jenni, 2000; Vézina et al., 2007) . This could present 353 an explanation for the decrease of mass-specific BMR during the autumn migration, but not for 354 the variation among subspecies in metabolic rates during spring migration. The finding of lower 355 metabolic rate during autumn than during spring migration is also found in free-living migrating 356 yellow-rumped warblers (Swanson and Dean, 1999) . In several waders BMR was lower during 357 autumn migration than during winter in the tropics, but higher than during breeding in the arctic 358 (Lindström, 1997; Kvist and Lindström, 2001) . BMR depends to a large extent on body and/or 359 organ composition (Hume and Biebach, 1996; Piersma et al., 1999; Dietz et al., 1999; Tieleman 360 et al., 2003) . In free-living birds spring migration is often faster (and more urgent) than autumn 361 migration (Pearson and Lack, 1992) , and in spring different organs may be important than in 362 autumn (e.g. reproductive organs, see Bauchinger et al., 2005) , leading to a difference in BMR in 363 the two migration periods. 364 BMR and mass-specific BMR of Kenyan stonechats was remarkably high during moult, a 365 finding that was lacking in the other subspecies. Klaassen (1995) showed that Kenyan stonechats 366 had a higher total plumage mass than European stonechats. This is in concordance with the 367 finding of Tieleman (2007) 
that the insulation of Kenyan stonechats was better than that of 368
Europeans and Kazakhs. Basal metabolic rate has been shown to be correlated with the amount 369 of feathers produced per day (Dietz et al., 1992; Lindström et al., 1993) . Therefore, our results 370 support Klaassen's (1995) hypothesis of a higher increase in BMR between moult and the 371 preceding and following life cycle stages in Kenyan than in European stonechats. 372
Body mass, BMR and mass-specific BMR of the two hybrid lines were intermediate to 373
parental subspecies in some life cycle stages, but also sometimes resembled one of the parental 374 subspecies or deviated from both. This supports a genetic basis for the annual cycles of these 375 traits, but also shows that the underlying genetic mechanisms are not simple. Metabolic rate is 376 determined by the size of the metabolically most active organs, mitochondrial density and 377 mitochondrial function (Daan et al., 1990; Tieleman et al., 2003; Tieleman, Versteegh, Fries, et 378 al., 2009; Vézina and Williams, 2005; Zheng et al., 2008) , that all may have a genetic basis. 379
Changes in organ size, mitochondrial density or mitochondrial function may contribute to annual 380 changes in metabolic rates (Piersma et al., 1999; Dietz et al., 1999; Tieleman et al., 2003; Zheng 381 et al., 2008) . Previous work on stonechat hybrids has shown that metabolic rate is affected, 382 presumably through mitochondrial function, by the mix of mitochondrial genes (inherited only 383 from the mother) and nuclear genes (inherited from both parents), and is not a linear intermediate 384 between parent lines (Tieleman, Versteegh, Fries, et al., 2009 ). Likewise, the inheritance patterns 385 of annual changes in body composition or in mitochondrial density from parental to hybrid 386 stonechats may be complex. Such complicated genetic backgrounds may have resulted in the 387 dissimilar shapes and variabilities that characterised the annual cycles of the two hybrid lines. 388
The shape and variability of the annual cycles of European stonechats were unaltered by 389 temperature treatments, at least for body mass and mass-specific BMR, and differed only during 390 the migration periods for BMR. Yet, the stonechats kept at variable temperature had a higher 391 mass-specific BMR in all life cycle stages than birds kept at constant temperature. This suggests 392 that European stonechats adjust their metabolic rates to variability as such, and not so much to a 393 fixed or current temperature. In contrast, red knots (Calidris canutus) kept at variable outside 394 temperatures had a BMR similar to warm-acclimated conspecifics in summer and to cold-395 acclimated conspecifics in winter (Vézina et al., 2011) . Also, free-living temperate resident birds 396 are found to adjust their BMR and/or mass-specific BMR according to winter temperatures 397 (Swanson and Olmstead, 1999; Broggi et al., 2007) . Vézina et al. (2011) proposed that the 398 adjustments in the annual cycle of metabolism of red knots stem from the highly variable 399 ambient conditions (e.g. high and low temperatures) that knots face during the annual cycle, a 400 fact that may also apply to temperate resident species (Swanson and Olmstead, 1999; Broggi et 401 al., 2007) . Free-living European stonechats may keep their thermal environment relatively 402 constant throughout the year, because they breed in central Europe and winter in southern Europe 403 and northern Africa, where winters are mild (Helm et al., 2006) . The necessity of flexibility in 404 the annual cycles of BMR and body mass may be less strong than in birds facing large 405 temperature changes, and therefore annual cycles may be more rigid. 406
In summary, the variation in annual cycles of body mass, BMR and mass-specific BMR 407 among stonechat subspecies that we found indicates that these cycles have a genetic component. 408
This genetic component is unlikely to be solely an adaptation to the energy demands and costs of 409 life history characteristics. Environmental factors may have contributed to the evolution of 410 annual cycles of BMR as well. The fact that hybrids differ from parent lines confirms that there 411 is a genetic component determining annual cycles of metabolic rate. However, the complexity of 412 the patterns shows that heritability is not simple. When birds were exposed to different 413 temperature regimes, they adjusted their metabolic rate. 
